Abstract. Chemical reduction of ferric acetylacetonate (Fe(acac) 3 ) and platinum acetylacetonate (Pt(acac) 2 ) using polyol as a reducing agent as well as an effective surfactant, has successfully yielded monodisperse FePt nanoparticles with a size of approximately 2 nm. When annealed samples were compared to FePt nanoparticles synthesized using oleic acid and oleylamine as the surfactants under identical conditions, nearly 30% increase in coercivity (H c ) was achieved with the new, simple and economic method.
Introduction
Chemically synthesized magnetic nanoparticles have drawn great attention because the magnetic particles have reduced dimensions down to few nanometers with well controlled size, size distribution and shape. Monodisperse magnetic nanoparticles have potential applications in high performance nanocomposite magnets [1] , high-density magnetic storage media [2] , magnetic resonance imaging contrast agents [3] , biological sensors and directed drug therapy [4] . Polyol reduction methodology used by Fievet et al. [5] and modified by Sun et al. [2] has been developed by many researchers to provide a wide variety of nanoparticle systems for investigations in the mentioned applications. The polyol process requires at its basis, a diol as reducing agent, metal salt precursors, surfactants and a solvent. The surfactants are added to prevent particles from agglomeration and inhibit oxidation. In certain cases, surfactants can also induce geometric changes to the particles [6] . In a typical polyol synthesis route, as shown in Scheme 1, FePt particles are synthesized via decomposition of iron pentacarbonyl, Fe(CO) 5 and reduction of (Pt(acac) 2 , in presence of 1,2-hexadecanediol (HDD). Oleic acid and oleyl amine are used as the surfactants in a proper solvent [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Scheme 1. Typical polyol synthesis route for FePt nanoparticles.
It is still a research focus to develop simple, efficient and cost effective methods to synthesize FePt nanoparticles with better control of morphological, structural and magnetic properties of the particles. In our previous studies, modified synthesis recipes have been used to produce FePt nanoparticles with alternative morphological and magnetic properties. By using iron acetylacetonate (Fe(acac) 3 ) to replace iron pentacarbonyl Fe(CO) 5 , we obtained monodisperse FePt nanoparticles with particles size of 2 nm [18] . It was also found that the FePt nanoparticles can be synthesized without using any polyol reducing agent [19] in octyl ether. We also studied the effect of various synthesis parameters, especially the surfactant addition, on the particle size and shape and have obtained FePt nanoparticles with particle size from 2 to 9 nm with 1 nm accuracy [20] .
Here we report a novel one-pot synthesis of FePt nanoparticles with controlled composition by the polyol reduction of Fe(acac) 3 and Pt(acac) 2 only in presence of 1,2-hexadecanediol in octyl ether, where the conventional surfactants such as oleic acid and oleylamine, are not used, as shown in Scheme 2. It is interesting to find out that monodisperse FePt nanoparticles can be prepared by using this simple recipe and the resulted nanoparticles show improved magnetic properties. Scheme 2. A simple synthesis route for FePt nanoparticles used in this investigation.
Experimental
The Fe(acac) 3 , oleic acid, oleyl amine and 1,2-hexadecanediol were obtained from Aldrich, Pt(acac) 2 from Strem Chemicals, dioctyl ether from SAFC, ethanol from AAPER and hexane from EMD, which were used without further purification. Synthesis was carried out under standard airless techniques in an argon atmosphere. In a typical synthesis route, Pt(acac) 2 and Fe(acac) 3 in the molar ratio 1:1 were taken in a 125 mL European flask containing a PTFE coated magnetic stir bar at room temperature. 1, 2-hexadecanediol (5 times mole amount of Pt(acac) 2 and Fe(acac) 3 ) was added to the flask. 30 mL of dioctyl ether was then transferred into the flask and the contents were stirred while purging with Ar for 30 minutes at room temperature. 2 to Fe(acac) 3 molar ratio of 1, was prepared similar to the method as reported earlier [18] .
Purification of the nanoparticles was accomplished as follows: 5 mL of the dispersion taken from the flask was added to 20-25 mL of ethyl alcohol (EtOH) and the mixture was centrifuged (6000 rpm for 15 minutes). The supernatant was discarded and the precipitate was redispersed in 10 mL of hexane. The dark brown dispersion was stored under refrigeration at approximately 10 o C. Samples for magnetic characterization were prepared by depositing a few drops of the hexane dispersion of the sample onto a silicon substrate and allowing the solvent to evaporate at room temperature. In order to transfer the disordered face-centered cubic (fcc) structure of the assynthesized FePt nanoparticles to L1 0 structure with high magnetocrystaline anisotropy, the deposited thin film samples were annealed either in a nitrogen or forming gas (Ar + 7% H 2 ) atmosphere for 1 h at temperatures between 550 and 900 o C. Magnetic hysteresis loops of the samples were measured by a superconducting quantum interference device (SQUID). Powder Xray diffraction (XRD) patterns were measured using a Phillips MPD diffractometer with a CuK α source (λ = 1.5405 Å) and transmission electron microscopy (TEM) measured by a JEOL 1200 EX electron microscope at an accelerating voltage of 120 kV. Fig. 1 shows a TEM image of the as-synthesized FePt nanoparticles. It can be seen that the average particle size is 2 nm, which is typical for FePt nanoparticles reported earlier for recipes using Fe(acac) 3 [18] . It is clear that the particles have spherical shape and narrow size distribution. Fig. 1 . TEM image of the as-synthesized FePt particles using HDD as the surfactant and reductant. Fig. 2 shows XRD patterns of as-synthesize FePt nanoparticles. From the position of the peaks, it is clear that the as-synthesized FePt nanoparticles have a chemically disordered fcc structure. An average particle diameter of 1.6 nm was calculated from the peak width of the XRD pattern using Scherer formula, which is consistent with the diameter calculated by statistical analysis of TEM images, and is similar to the particle size reported in Ref. 18 . Energy dispersive x-ray analysis of the formed FePt particles show the initial feed ratio of Fe and Pt metal precursors are maintained in the fcc FePt nanoparticles. The above structural characterizations show clearly that fcc FePt nanoparticles with composition of equal atomic Fe:Pt ratio were synthesized by co-reduction of Fe(acac) 3 and Pt(acac) 2 in presence of 1, 2-hecadecanediol in octyl ether. More interestingly, the HDD also played role as an effective surfactant. Based on the structure and functionality, using HDD as a surfactant for dispersing the formed nanoparticles is not unreasonable, while also providing the reductive species needed to form the fcc FePt nanoparticles. In addition, it is possible that the oxidized HDD molecules are also used as capping ligands to protect the particles from oxidation and facilitate dispersion of particles in nonpolar solvents, unlike traditional methods where capping ligands such as oleic acid and oleylamine are used [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Fig. 3 . XRD scans of the samples annealed at 700 o C in A) nitrogen, B) forming gas (Ar + 7% H 2 ), and C) particles from the reference 18 method annealed at 700 o C in forming gas.
Results and Discussion
The chemically disorder fcc FePt crystal has a low magnetocrystalline anisotropy, and hence is superparamagnetic at room temperature. To obtain high uniaxial magnetocrystalline anisotropy, which is required for many applications, the as-synthesized FePt nanoparticles typically have to be annealed at high temperature to transform to the chemically ordered L1 0 tetragonal FePt phase. Fig.  3 shows the XRD patterns for the samples annealed in nitrogen and Ar +H 2 (7%) at 700 o C for 1 h, compared with the XRD pattern for the L1 0 FePt sample produced by the method reported in ref 18 . It can be clearly seen from this figure that both the peak position and intensity for the annealed samples prepared by our new method match perfectly with those of the sample made from standard method, indicating that Ll 0 structure is indeed formed after thermal annealing. This double confirms that the particle composition is in the right rage for the formation of the equal atomic L1 0 phase. In addition, sample annealed in nitrogen do not show any oxide peaks in their XRD patterns which indicates that the HDD effectively protected the fcc FePt nanoparticles from oxidation when exposed to the open atmosphere. Fig. 4 . Annealing temperature dependence of coercivity of annealed samples prepared by the current method (curve A) and the method reported in Ref. 18 (curve B). The samples were annealed in forming gas for 1 h. Fig. 4 shows the coercivity change with annealing temperature of the annealed particles obtained from our new method, compared with the coercivity values of particles obtained by the method using oleic acid and oleylamine as surfactant. Particles were annealed on Si substrate under Ar + H 2 (7%) for 1 h. It was observed that for the traditional FePt sample maximum coercivity of 1.8 T was obtained at 700 o C and a sharp decrease in coercivity was observed above 700 o C. On the other hand, for the sample prepared by our new method, coercivity continues to increase above 700 o C, and a maximum coercivity of 2.3 T was obtained at 800 o C. It is interesting to find that there is an approximately 28% increase in coercivity of the particles obtained by our new method as compared to the particles prepared by the method in Ref. 18 . This result shows that the magnetic hardening of the FePt nanoparticles prepared by our new method can be maintained up to 800 o C. Even when particles were annealed at 900 o C, only a slight decrease in coercivity of the FePt nanoparticles was observed. The exact nature of the observed coercivity enhancement by this method is not completely clear, however, it is possible that the nanoparticles derived from this new method did not sinter substantially during annealing, relative to the particles from the traditional method. This degree of isolation would be possible if the HDD is preferentially adsorbed to the particle surface during the synthesis, protecting the particles during annealing from sintering. The smaller particle size and high degree of chemical ordering within the particles would then result in higher coercivity at the higher annealing temperatures. This magnetic hardening behavior may also be related to the enhanced atomic diffusion during the heat treatment that expedited the L1 0 phase formation.
We have also investigated the effect of HDD amount on the nanoparticle formation. During the FePt synthesis, the mole amount of HDD was varied from 5, 10 and 15 times of Fe(acac) 3 and Pt(acac) 2 . It was observed that increased HDD mole amount during FePt synthesis does not lead to changes in the annealed FePt samples. There is essentially no change in coercivity of the samples with different HDD amount.
Conclusions
A simplified and cost effective synthetic route has been found that provides a straightforward synthesis of FePt nanoparticles. HDD alone can be used as reducing agent as well as an effective surfactant to protect the particle from agglomeration and oxidation. The as-synthesized particles have uniformity in size with particle diameters of approximately 2 nm. Detailed structural and magnetic characterization show that FePt nanoparticles synthesized through this simplified method can provide magnetically hard L1 0 FePt nanoparticles with coercivity reaching up to 2.3 Tesla in thin films, representing an increase in H c of nearly 30% over the traditional method using oleic acid and oleyl amine as the surfactants processed under the similar conditions. These ultrafine magnetic nanoparticles can serve as building blocks for nanostructured high performance thin film and bulk magnets.
